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DEVELOPMENT OF CATHODIC ELECTROCATALYSTS FOR USE
IN LOW TEMPERATURE Hy/ O2 FUEL CELLS WITH AN
"~ ALKALINE ELECTROLYTE

CONTRACT OBJECTIVES

The research under contract NASW-1233 is directed towards
the development of an improved oxygen electrode for use in alkaline
Hz/ 02 fuel cells. The work is being carried out for the National
Aeronautics and Space Administration, with Mr. E. Cohn as technical
monitor. Principal investigators are Dr. ]. Giner, and Dr. J. Parry.
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SUMMARY AND CONCLUSIONS

‘The experimental studies of solid intermetallic electrodes of the
Ti3Au type were continued. The aim was to explore the high activity
observed for Ti3Au itself. Additional materials examined were TiAu,
Zrde, TiRh3, Ti(Rhl' SAul. 5), and ngAu. T-isAu corrodes significantly
when in powder form. TiAu is corrosion resistant but its activity is
somewhat lower. Its half-wave potential (El / 2) is 800 mv vs. RHE,
(compare this to 840 mv for T13Au) Zrde does not corrode over the
whole potential range studied. However, its activity is less than that of
_pure palladium. TiRhg and Ti(Rh; cAuy '5) both show activity in the range
of 400 - 600 mv vs. RHE. TiRh:3 is corrosion resistant, but its activity
is quite low with E /2 = 460 mv. ZrgqAu corrodes significantly at all
potentials.

The influence of absorbed oxygen films on the activity of noble
- metals towards oxygen reduction is being studied with a series of gold
alloys (the surface of gold being oxygen-free at oxygen reduction potentials).
The system gold-palladium has been examined; gold-platinum and gold-
silver alloys are being studied and an interpretation of the results will be
given when these series are complete.

A 1.7% Mg alloy of Ag did not show an increase in intrinsic activity

- over that of pure Ag. Larger currents obtained with the Mg alloy are
directly attributable to its higher surface roughness. y

A number of dispersed materials have been studied after ,béing
formed into Teflon-bonded electrodes. The activity of Teflon-bonded
electrodes depends on their structure which in turn depends orsthe physical
and chemical nature of the catalyst. In order to obtain valiglféomparisons
between different dispersed materials, it is necessary to establish an
optimum electrode structure for each catalyst. Studies with Pt-black,
carbon, graphite, and nickel carbide have shown that the optimum Teflon
content depends on the measured bulk density of the catalyst and that
optimum conditions for sintering are 275°C for 15 minutes.



- A number-of mterstmal compo;.mds of the transition metals,
including nickel carbld"e and nickel nitride, have been prepared and
~ “tested for oxygen activity. ‘Both-nickel carbide and nitride show |
catalytic activity greater by an order of magnitude than that of nickel.
The best performance found so far was with a nickel-cobalt carbide
which yielded 200 ma/ cm at 0.74 v vs. RHE.

A comprehensive series of interstitial compounds is being
prepared by the Bureau of Mines (Pittsburgh Coal Research Center);
. these will be tested as they become availahle. The following materials

prepared under this program showed no 81gn1f1cant act1v1ty towards
oxygen reduction: € - iron carbonitride, Fe(OH)3 + AgZO and’
€-Fe,C + FeSO 4"



- GENERAL INTRODUCTION

A survey of catalyst materials for the cathodic reductlon of

: oxygen in basic electrolytes at low temperatures encompassed a number

of elements, including all transition metals with the exception of

- technetium, a large series of intermetallic compounds and alloys of

transition metals, and interstitial carbon and nitrogen compounds of

Group VIII and of the refractory metals. Our previous results are

* summarized briefly below in order to place our current work in its

proper perspective.

- Electrodes forming oxides below the oxygen potential can be

classified into three groups: The first group includes metals on which

~oxygen reduction begins only when bare metal surface becomes available,

that is after substantial reduction of an oxide or chemisorbed oxygeh layer.

The reduction of oxygen proceeds directly to water on the bare surface with

~ very little hydrogen peroxide accumulation. Examples of metals of this
“type include those of the Pt group and silver. Within this group Pt has

the highest activity at low temperatures, with the possible exception of

-osmium which shows a small, kinetically controlled limiting current for

. -"'Oz-reduction' at higher potentials than on Pt. The metals Zr, Ta, HI, and
~Nb can be included in this group insofar as an oxide layer is present at

- all potentials and no appreciable O -reduction occurs.

The next group contains elements such as Ti, Ni, Fe, and graphite.
Oxygen is reduced on these materials on oxide-covered surfaces with
varymg degrees of reversibility. For example, reduction of oxygen on
passivated Ti requires an overvoltage of about 1 v, while on graphite
(which is completely covered by oxygen) oxygen can be reduced to hydrogeri_
. peroxide with a high degree of reversibility.

The third group includes elements such as Mn and Co on which
" redox reactions of the type

Mn4+/Mn3+ 3+/C02+

or Co



have a specific effect on oxygen reduction. In these cases, a maximum
activity is found in the range of potentials where these reactions occur.
A maximum can be observed directly on pure Mn but is masked on pure
cobalt by a corrosion current. It is, however, observed on Ni-Co alloys
where the corrosion current is very small. The activity of the NiCo2
alloy may be additionally due to a synergistic effect related to the spinel
CozNiO 4°

Gold is a special case since it is the only metal essentially free of

oxide or chemisorbed oxygen below 1.23 v, that is below the reversible
x02—potentia1. Reduction of oxygen to hydrogen peroxide is virtually
'rever_sible on gold, while the further reduction of HOZ' to water (or
OH) is slow.

Our experiments with many intermetallic compounds show that

enhancement of the catalytic properties by formation of a new phase is
.generally small. The catalytic properties of the components of an alloy
appear to be more important than the electronic or crystallographic
structure of any phase that may be formed. However, compounds or alloys
-may show substantially higher activity and stability than the components.
This result is generally related to the effect of the electronic or crystallo-
graphic structure of the compound on the properties of the surface oxide
- formed during oxygen reduction on all nonnoble metals.

A substantial effect of chemical compound formation is also
‘apparent in corrosion. ,

Of the specific systems studied, the intermetallic compoggés of
platinum and nickel and the interstitial compounds of the transition
elements with carbon and nitrogen are of particular interest. /,

From our study of intermetallic compaounds of Pt with nonnoble

-metals we may conclude that:

- (a) Appreciable dilution by a nonnoble metal (e.g. Pt,Ta)
causes no decrease of the platinum activity for comparable surface
roughness factors.



(b) Considerable surface increase can be obtained in some
intermetallic compox?ﬁds, \probably by leaéhing of the nonnoble metal
‘component. This effect may beuseful in obtaining platinum particles
with a high and stable surface for practlcal electrodes.

o (c) Although addition of cobalt to nickel imparts a con-
siderable increase in activity, PtCo, does not show a corresponding
improvement. This may be due to the high intrinsic activity of Pt.

This conforms to the general pattern observed, namely that no inter-

metallic compound tested to date shows more activity than platinum.
Nickel alloys with Co and Mn show improvement in performance

over nickel. The corrosion resjstance of a metal which oorrodes in

alkali is improved on the other hand, by addition of Ni. T:hlS general

. trend was noticed for all nl_ckel alloys; the best example was NiAl

which behaved exactly as nickel.

» T13Au is a particularly interesting intermetallic compound. Its
initial performance is h1gher than titanium or gold (but somewhat lower
than platinum). With tnne,\th1s performance increased to a level higher
- than platinum, but it was aécompanied by a pronounced increase in double
layer capacity, implying roughening of the surface. This was confirmed
by electron microscopy. Analysis of the surface with an electron micro-
. probe showed the surface exposed to the electrolyte to be more rich in

utamum than the bulk of the sample. ;

, Of the "interstitials" o§ the refractory metals, borides and
silicides generally exhibited high corrosion currents which ‘eliminated
them as possible oxygen electrodes in caustic electrdlytes.

~ The nitrides and carbldes are another rnatter( especially in the
cases of VC, VN, NbC, and TiN all of which are mbre resistant than
their parent metals. The carbxdes (and the mtrldes to a lesser extent)
are all more active for Oz-reduction than the parent metals; some
activity is found even when the metal itself is mer/t for instance with
Hf, Ta, and Cr.



Another example of interest is Ti and TiN. The decrease of
corrosion current and of overvoltage for Oz—reduction (about 500 mv)
bserved with TiN is hard to explain as a pure surface area effect and
must be due to the favorable effect of an oxynitride of titanium covering
the TiN surface.
_ The interstitial compounds of Fe, Ni, and Co are also of con-
siderable interest. NiBC and NiSN, tested as Teflon-bonded electrodes,
showed considerably greater activity than nickel. A solid, rotated iron
electrode with a carbide surface (presumably FeZC) also showed more
activity for Oz-reduction than did a pure iron electrode.

In the past the technique mostly used in screening catalysts was
the rotating disc electrode, which allows the measurement of the intrinsic
catalytic properties of a material free from structural factors. Measure-

-ments with Teflon-bonded, porous electrodes were limited to a few cases.
These measurements have been extended during this report period, since
-many of the materials we now wish to screen are available bnly as dis-
-persed powders. These include the carbides, nitrides and carbonitrides
of Fe, Ni, and Co and mixtures of these and other catalysts. Most of
these catalysts are being prepared by the Bureau of Mines (Pittsburgh Coal
Research Center). In addition, highly dispersed noble metals, T13Au,

. and related materials are being tested as hydrophobic, porous electrodes.

The structural factors influencing the performance of Teflon-
bonded electrodes were examined, since proper evaluation of a dispersed
catalyst requires optimization of the Teflon -bonded structure used for its
study. .

The tests with the rotating disc electrode are being continued
along with the above studies. Intermetallic compounds of the Ti-Au system
and other compounds of the groups IVB and IB of the periodic table have been
evaluated. This study aims to explain, in order to exploit it, the high
performance observed with the Ti3Au-compound. In addition, a series of
Pt/Os, Pd/Au, Pt/Au, Ag/Au, Pt/Pd, and Ag-based alloys are being
investigated. 4 .

" This report is divided into two parts: One deals with solid
electrodes; the other, with porous electrodes.



PART ONE
"SOLID ELECTRODES

1. INTRODUCTION

A. Intermetallic Compounds of Group IVB and IB

“The following systems were invéStigated during this reporting
period: TiAu, Zr,Pd, TiRhs, Ti(Rh; SAul. 5) and ZrSAu. (Zx,Pd and
TiRh3 are included in this classification for purposes of comparison. )
The objective of this work was twofold: to investigate materials related
to the AuTi3—compound,A in order to understand its wdrking mechanism and
to compare the activity of such isoelectronic structures as Ti(RhL SAul. ‘5)
and TiPt3. Rh and Au are not miscible in the desired ratio for a direct

-comparision with Pt, but an intermetallic compound with Ti permits
‘comparison with TiPtg.

B. . Precious Metal Alloys with Au-

The systems under investigation are Pd:Au, Pt:Auy, and Ag:Au;
the purpose of the study is to investigate the influence of gold (which does
not form an adsorbed layer of oxygen at potentials <1300 mv vs. RHE) on
- the extent of adsorbed oxygen coverage and activity towards the oxygen
reduction reaction. These alloys are also of interest in that they exhibit
. a regular gradation of electronic structure (d-band vacancies) and lattice
dimensions with composition. Fishman and Rissman® have shqxfgﬁ some
experimental evidence of a discontinuity in the activity vs. composition
curve for Aw:Pd, with maximum activity at ~ 35% Au. This tppy relate
" to the filling of the d-band of palladium. Bockris, DamJanovi/c and Rao
- have shown that the amount of adsorbed oxygen may be related to alloy
composition and d-band vacancies. ‘

Another point of view with the Au -containing alloys is that Pt, Pd,
and Ag are inhibited by the presence of oxides or chemisorbed oxygen at
potentials of <900 mv where the adsorbed oxygen layer begins to be



~reduced. ---Gold, however, does not form an oxide layer in the potential
region of interest (< 120(:lmv)'but also doeé not readily effect the com-
plete reduction of oxygen beyond r.h\g peroxide intermediate. Alloying
Au to Pt, Pd, or Ag may result in a retardation of the oxide formation
or a decrease of its inhibiting action on these metals.

C. Silver-Magnesium Alloys

Beer and Sandler(s) have examined as catalysts for the oxygen-
reduction reaction silver with different surface pretreatments and
silver-based alloys. Improved performanyce was found for a 1.7%
Mg:Ag alloy; this was considered to be related to its enhanced secondary
electron emission. ‘This work did not include a determinétion of the real
surface area of these mate:;ials. A comparison of the real surface areas
of Ag and the alloy was carried out in thlS laboratory in con] unction with
‘activity tests on these materials.



1I. PREPARATION OF CATALYSTS AND EXPERIMENTAL METHODS

“A. Intermetallic Compounds of Groups IVB and IB

' ﬁhe following materials have been prepared as solid ingots by
~~arc melting in an inert atmosphere: ZrSAr,’ 'TiRh3, T’;(Rhl‘ SAul. 5),
Zrde, and TiAu. These materials were classified according to the
Fourth Quarterly Report of this contract, as B. 4. — Alloys and Inter-
-metallic Compounds of the Transition Metals: Ti, Zr, and Hf alloys.

B. Au AHoys of Pd, Pt, and Ag

- Aualloys of Pd, Pt, and Ag have been obtained from Williams
-Metals Co., Buffalo, New York, as cylindrical rods 174" x 1/4" diameter
-at 10% increments in composition. ‘

C. Silver -Magnesium Alloys

The silver—magnesium alloy was obtained as foil from Handy and
Harman Co., New York, and silver foil was purchased from Williams
. Metals. The foils were polished to a bright finish with alumina.

D. Experimental Methods

All these materials except the Ag and Ag:M% samples were tested
~ as ingots in the rotating electrode cell described in 4). The Ag and Ag:Mg

foils were cut into 1 cm x 1 cm squares, welded to an Ag-wire, and
gealed in glass. |

The electrochemical examination of these alloy systems requires
experimental techniques capable of far greater precision than those pre-
viously employed in routine screening of catalysts; activity levels now
need to be determined to better than a few millivolts.. The approach to the
problem was to consider in detail the initial part of the polarization curve
(i <500 pa/ cmz) where the reaction rate is entirely activation controlled
and not influenced by diffusion processes. Due to the higher sensitivity
required in the current scale, possible limitations to the precision of the
determination of the current had to be reduced further. The following
improvements were found desirable in order to be able to increase the
sensitivity:



1. The voltage signal source was isolated from the
x-y recorder (a relatively low impedance instrument) by means of a
high impedance input 1:1 amplifier. This eliminated both a small
leakage current through the reference electrode circuit and a common
ground leak between the two input signals to the recorder. Both of these
contribute to small linear distortion to the recorded trace which becomes
.significant when working at high current sensitivities.

2. Occasional electrolyte leakage between the electrode
and its mounting was eliminated; this can result in significant areas of
the electrode being coupledin parallel with the working surface through a
electrical resistance/high diffusional resistance path. When leakage

‘occurs, it is impossible to interpret the results with any degree of
precision. Since these alloys are not brittle, the Stern-Makrides
form of rotating electrode was the most effective means (more so than
- Kel-F wax) of mounting the electrode without leakage. ,

| The use of the Stern-Makrides electrodes with the base and the
wall surfaces of the cylinder governed by different hydrodynamic con-
_ditions (and therefore controlled by different diffusion rates) makes |
quantitative interpretation of the curves in the limiting current region
difficult, But since we are concerned with electrodes of identical con-
figuration and are primarily interested in the activation controlled
region of the curve, this does not seriously affect the comparative
studies of these alloys. ,

The standard method of earlier experiments, using Ko].dgr}éunt
resin — necessitated by the brittle nature of most of the intermediate
alloys' tested previously — was not considered suitable for the cylindrical
form of these electrodes. The Koldmount could introduce %/i‘ével of
impurities that would be sufficient to influence the higher precision
required for these measurements.

3. Effect of Impurities

_ “The often observed effect of impurities in electrochemical
measurements is very pronounced when working with alkaline electrolytes

- 10 -



such as KOH, due in part both to the relatiVely high level of impurities
present in the comme;c‘ialxljgagent and to active impurities leaching from
~the glassware. This effect is E‘Iear\ly illustrated by the observed time
effect on charging curves or fast pot~entialv sweeps made on Pt and on
Hz-oxidation or evolution on Pt, when working with KOH electrolyte.
In a coarse screening of catalysts for Oz—reduction, the effect of

- impurities is tolerable. (It is minimized by the relatively high potentials
of Oz-reduction and by the cleaning effect of oxide formation and reduction. )

. The effect of impurities becomes more critical when we wish to
d1st1ngu1sh changes of-a few millivolts to 100 mv. This may occur, for
instance, in d series of alloys of two components in Varying proportion,
. when oxides are not allowed to form. For our measurements we have
‘partially solved the problem by (a) reducing the alkali concentratlon to 2N
instead of the 35% solution used in low temperature fuel cells, (b) by
decreasing the temperature to 25°C instead of the 80°C used previously,
and (c) by investigating time effects and obtaining i(E)-curves at several
sweep rates. .

The effects of contamers other than glass (Teflon, quartz, Pt etc.)
ép_d‘of different batches of commercial KOH are being investigated. Depend-

“ing on the results it may be necessary to expend some effort to prepare
more pure electrolytes. “

The experimental work is at a stage where slow sweep results
exactly reproduce pomts detetmmed manually, 1nd1cat1ng that instru-
mental distortion important at high sensitivity of the )current scale has
been eliminated from the reco;rder trace.

- 11 -



‘1II. RESULTS

A Groups IVB - IB Intermetallic Compounds

Zrde Th1s material is corrosion resistant over the
/whole potential range studied; its activity for oxygen reduction

By /2 ° 730 mv is lower than that of pure palladium E; /27 835 mv
(Fig. 1).

- Ti(Rh; Séﬂl. 5) The activity of Ti(Rhl‘ SAul. S) with
__E1 /2 =‘57(‘)A mv (Fig. 2) is very much lower than the platinum analogue
,T?iPt3 which with an E1 /2= 825 mv is only slightly less active than Pt,
E; /2" 840 mv.

: TiRh3 -Although corrosion resistant, as shown in Fig. 3,
this alloy shows very low activity with E ,5 = 460 mv.

e Zr3Au This material corrodes significantly at all
potentlals with a large corrosion peak in the 300-500 mv range (Fig. 4).

TiAu The corrosion rate was significantly reduced com-
pared with T13Au (Fig. 5), particularly at potentials below + 700 mv. In
addition, the double-layer capacity of the electrode did not change signifi-
cantly throughout the experiment, indicating no surface roughening. This
is in contrast to T13Au for which the double layer capacity increased by an

order of magnitude. The appearance of the electrode was unchanged at
the end of the experiment. The activity for O2 ;eductlon remains
-encouraging, with B /2= 800 mv compared with 840 - 880 mv for TiSAu;
- corresponding E; values are 860 mv for TiAu and 900 mv for TiSAu.

B.. Gold-Containing Alloys

‘The most recent family of curves for Au and Au:Pd is shown in
.Figs. 6 to 21. These curves are being treated as provisional results due
to the anodic current observed above 100 mv, which is higher for curves
-made in the presence of oxygen. This effect may be related to an impurity -
being accumulated in the electrolyte. '

-12 - .



“In the absence of impurities, the high sweep rates define the
potentials of formation and reduction of the surface oxygen layer; the
intermediate sweep rates present information on the influence of
adsorbed impurities. The low swéep rates give the information on the
steady state process, a real measure of the activity.

For these activity measurements the potentials scanned are
limited to +400 mv to +1000 mv to prevent H, absorption in the

~ palladium at the lower potentials and etching of the-surface at very
high potentials. The fast sweeps, intended to Study the formation and
'reducti_on of adsorbed oxygen films, necessarily extend over a larger

‘potential range +400 mv to +1600 mv. The fast sweeps have been

~determined first and the samples repolished prior to activity measure-

‘ments. To confirm that the surface layers are of identical composition
-as the bulk of the alloy, electron microprobe analysis will be carried out.

. The data collected so far are insufficient to attempt any detailed

analysis. The activity is seen to increase as the palladium content of
the alloy is increased; this is much more apparent at the higher tem-

. -perature. The Au:Pd 90:10 alloy is apparently out of order in the activity
progression. The experiment will be repeated in order to ascertain
-whether it is a real effector an artifact due to electrolyte leakage, as

- is suspected. ‘ o

. The difference in the potential at which the adsbrbed oxygen layer .
forms on the two metals is readily appreciated from the fast sweep results,

- Figs. 22 to 32. . On pure gold no adsorbed layer forms until a pot/éntial of

+1300 mv is reached; in the presence of even 10% Pd, the adsorbed layer

- begins to form at 900 mv. The effect is even more marked {y the reduc-

- tion of the adsorbed oxygen; the peaks corresponding to Pd nd Au are
completely resolved, suggesting that the components behave in very much
the same way as they do in the pure state. The first reduction peak dis-
appéafs for Au:Pd 40:60 alloy; the remaining peak moves to lower potentials
as the Pd content is further increased. An anodic peak due to oxidation

: ofhydrogen occluded at the lower potentials is apparent in the palladi}lm

- 13 -



™ rich alloys. Since this occlusion results in lattice distension with con-
siderable hysteresis,\tharequirement to'reverse the potential sweep
--at 400 mv during activity meaﬁlr\ements, in order to avoid changes

in the nature of the surface, becomes obvious. All the fast sweep-
curves presented in this report were the fourth cycle of the potential
sweep; the first three were used to define the position of the trace

on the oscilloscope. It is assumed that the surface 1s not significantly
changed by the initial three sweeps.

C.. Silver-Magnesium- Alloys

 The current potential curves for these materials are shown in

. Pigs. 33 and 34. A comparative figure for the real surfe.ce areas of

- the Ag and Ag:Mg foils was obtained from the ratio of théir double-layer
ca*paﬁcities.s .The capacitiee were measured with a S0 mv triangular

- sweep at 400 and 700 mv at the beginning and at the end of each activity
determination. The ratio of the real surface areas ranged from 3.2 to
6, the Ag:Mg alloy having the higher surface area. A series of experi-
‘ments at different sweep rates showed that the surface was substantially
free of adsorbed zmpuntles.

A comparison of the potentials at a current density of 200 ua/cm
{corrected for the difference in surface roughness) where there are no
mass transfer limitations shows no greater intrinsic activity for the
Ag:Mpg alloy. Refer to Table JI1. ‘

This finding is more consmtent with the thmkmg that catalytic
activity is unrelated to secondary electron emission. propertles. Secondary
electron emiss;mn is related tcp the work function, w{-uch determines the
potemtials of zero charge of the electrode-electrolyte interphase. As has
been ?shown, the point of zero charge has little relevance to overvoltage(6 7).

It has to be kept in mmél however, that small additions of Mg or
:-MgQO to highly. ﬂlspersed Ag can contribute to hig er stability of the surface
~ and therefore to practical electyodes of enhanced activity.

2

14 -



IV. SUMMARY OF RESULTS ON SOLID ELECTRODES

TABLE 1

Intermetallic Compounds on IB and IV Metals (75°C)

| .El/z_ql_y_ E;mv ~Corrosion

Intermetallic of IB and IVB Metals (75°C)

Fig. No.

TiAu 800 860 very small

Zr,Pd 730 830 resistance

.Ti(RhL 5Aul‘ 5) 570 790 very small

TiRhg 460 670 very small

: erAu no activity rapid
TABLE L

Precious Metal Alloys with Gold*

25°C
Sweep Rate 50 200 400
Au EZOO (mv) = 877 880 884
“AwPd 90:10  © Egy (mv) = 904 897 892
'Au:Pd 80:20 Eoqg (mv) = 872 885 887
Au:Pd 70:30 Eoqq (mv) = 1899 890 891

75°C
50 mv/min

865
869
896
903

*"Due to the greater precision arrived at in these measurements. The data
are expressed in terms of potential EZOO vs. RHE at which a current

density of 200 pa/cm” is observed

- 15 -



TABLE 1II

Comparison of Silver and Silver-Magnesium Alloys
E vs. RHE

-~ Ag Ag:Mg

25°C i = 200 pa/cm? 863 858 mv
75°C 1 = 200 pa/cm? 900 880 mv

- 16 -



PART Tvgo
) T ]
DISPERSED CATALYST AND POROUS ELECTRODES

1. . INTRODUCTION

A. Effect of Manufacturing Techniques on Performance of
- Porous Electrodes '

. The preparation of high surface area electrodes demonstrating

- optimum activity for a particular catalyst is not a straightforward

process. It is, however, a very important part of the investigation,
since materials-showing activity in ingot form must He made into high
surface area electrodes for further testing; furthermgpre, some -

f_l"fhéterial's arerobtainabjle only in a highly dispersed form.

The problem of making electrodes of this kind has two main

- aspects:

(1) Thelpreparation of a highly dispersed powder with
the essential catalytic activity of the solid electrode

-(2) The fabrication of an electrode with good mass
transport characteristics

- The second aspect is intimately related to such physical properties of the
" powder as particle size, q\urface area, porosity, ‘and bulk density. There-
fore, relying on a standan&}l prepairatioh of the ele;ctrode to test all catalysts
could result in a useful catalyst being overlooked, The preferred approach
- is to regart? the incorporation of each catalyst in{ an electrode structure
- as an individual problem, lglhough it is to be hoped that experience and
established procedures will reduce the number [)f parameters to be
- changed in this process. This has been the objective in the work reported
here. 7 it ' / |
. Qur interest has beetiix restricted to the Teflon-bonded screen
- electrode structure, the basis of several sudceéssful commercial electrodes.
. The present work seeks to d%:fine and contrlé/l the variables associated with
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thev fabrication process and to relate them as far as is possible to the
pl})/r_sical characteristics of the catalyst. The variables are considered

to be:
(1) The catalyst to Teflon ratio
(2) The catalyst loading

(3) The catalyst-Teflon mixture distribution technique
A(Sprayin‘g, spreading, brushing, rolling)

In addition, in the case of catalysts of high thermal instability, methods
of preparing electrodes have to be developed which do not require
sintering at high temperature (275°C). A possible binder is Elvax*
which has shown promise for short term tests.

B. Imterstitial Compounds of Ni, Co, and Fe

The main interest during this report period has been preparing
nickel carbide, nickel nitride, cobalt carbide, and cobalt nitride. These
nickel compounds showed an activity an order of magnitude greater than
- did nickel in previously reported tests. It was intended, for confirmation
of these observations, to study the activity in more detail and to look for
comparable effects with the Hcobalt andv'nickel/ cobalt compounds.

Details of the preparations attempted are given below. Future
work will be based on a compreh'eHSive selection of carbides and nitrides
being prepared by the Bureau of Mines for testing at Tyco.

C. Ti Au Powder Electrodes

In screening materials for Oz-reduction activity by the solid-ingot
rotating electrode technique, it was found that Ti3Au reduced oxygen as
well as or better than did platinum under similar conditions. This excep-

“tional performance was accompanied, however, by an eightfold increase
in roughness over a period of 24 hours and by evidence of corrosion
currents. Metallographic data corroborated the evidence of surface
roughening indicated by double layer capacity measurements.

* DuPont polyvinyl resin
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Initially, it was thought that a high surface area of goid was
being created thrbugh leaching of titanium, but this was contradicted
by microprobe analysis of the surface which indicated that it was
titanium-rich relative to the origihal cdmposition. Subsecjuently, it
was postulated that nonstoichiometric conductive titanium oxide was
being redeposited and that there was a net loss of gold.

‘A literature survey of the titanium oxygen system with emphasis
on the preparation of nonstoichiometric oxides ‘and their resistivity,

- catalytic activity, and electrochemical behavior showed some interest-
ing properties. For instance, the conductivity of TiO2 increases very
rapidl& when it assumes an oxygen deficient structure 10'10 Q lc:m—1
for TiO., 107 0 Yem ™! for TiO; gggs» and 1020 tem !
TiO, . - R
| " Douglass, St. Pierre and S ieser(g) report that attempts to

glass, e p eport t p
nitride TiO, with NHy in Ar at 900 - 1070°C resulted in the reduction-
of the oxide to form successively TiOl. 96’ T19017,' TiBOlS’ Ti7013,
_Ti203, and TiO with the eventual formation of some TiN. This is in
- contrast to the reports of Gilles, Lejus, and Colonguy(lo) where no |
oxynitride was detectable by X-ray analysis. Hollander and Castro(ll)
have prepared nonstoichiometric oxides of titanium by the reduction
of single crystals of TiOz (rutile) by H2 in Ar at 600 - 1000°C. In this
case, the conductivity was measured as a function of crystal orientation
and was found to be markedly anisotropic; the maximum ratio for the con-
ductivities along the a and c planes [ /p c was reported as 10, QQO:I.
This fact is used to explain previous discrepancies in measured con-
_ductivities that were reported in the literature. Dorin and T,a;rtakovs kaya
~ have reported the preparation of the nonstoichiometric oxidp/'b_y heating
TiO, with Ti in an inert atmosphere at 700 - 1100°C. Boltaks, Vesenin,
and Salunina(m') have used H2 and CO in the presence of C as reducing
agents and report material of higher conductivity from the H2 reduction.
'They stress that the material prepared from CO and carbon contained
no residual carbon or carbide.

for

(12)
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"Measurements \of conduct1v1ty as a, function of composmon
have been made by Gre ccner( 4) Ariya and Bogdanova( 5) (also as a
function of temperature), Moriﬁ(lé\),_ Sawai, Terada, Okamura and
Ueno'!”), and Boltaks et al.1®), The conductivity of TiO, is greatly
increased by the incorporation of WO3 in the oxide lattice,
Grunewald(m). ‘ "

The catalytic activity of TiO (anatase structure) towards the
oxidation of CO has been related to the defect structure by Long and
Tlechner(lg) and toconductivity for oxidation processes by Mysanikov
When titanium: metal is oxidized in IN NaOH + 0. IN HZO Mazza,
Mussoni, and 'Iralsau:u(2 ) describe the black (oxide) coatmg as 200 - 300 mv
more noble than titanium Wlth respect to the oxygen and perox1de reactions;
the black is identified as ari oxygen deficient oxide. They conclude, in
general, that the black favorably influences electrodic behavior. In a
(22) attributes the formation of the black in the
presence of HZOZ to the dissolution of a subvalent ion which subsequently
forms the nonstmchlometrﬂ: oxide. Dean and Hornstem(23) have related
the oxygen content of T10X ﬁo its rest potential in solution, while a

survey of the anodic behavior of TiO, Ti 03, and titanium nit:(cid;:s and
24

(20)

further paper Mazza

carbides has been made by Smirnov, Ivanovskii, and Krasnov
. A considerable amount of information is available on the corrosion

of Ti under widely varying conditions. This is best summarized in the

potential-pH diagram for the Tl - HZO system by Schimets and Pourbaix

A phase dlagram(fog the Ti - TlO system has been. cpnstructed by
26 .

(23)

DeVries and Ro l

With reg?;rd to TigAu, 1‘{ is interesting to note that Philipsborn and
Laves(ZI) have described an 1nduced B — a phase transition (Cr381 or
B W type to Cu3Au type) on rerne;ltmg in the presenc/;e of small amounts of
oxygei, mtrogen, or carbon; the transformation 13' described as irreversible.
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. EXPERIMENTAL

' / The preparation of materials and electrodes is described in the
text when discussing the results of the specific group of catalysts. Two
coarse techniques were developed during this period to determine the
electrical resistance of catalyst powder and its bulk density.

The resistance measurements were carried out by compressing
between two pieces of platinum foil a sample of powder contained by an
‘ (-)~ring 1/2" OD and 5/16".ID. The extent of compression was defined
by a torque wrench (P. A. Sturtevant Co., Model F-ZS—I) at 15-inch
pounds.

Bulk density was determined by weighing quantities of catalyst in
~ graduated tubes after vibration and after centrifuging. .

- The materials prepared by the Bureau of Mines required special
handling since they were pyrophoric; they were shipped under CO2 and
have been subsequently handled in a glove box in an argon atmosphere.
During all the handling procedures a freshly prepared sample of Raney
nickel was exposed to the atmosphere in the glove box; the procedures
were considered satisfactory if this material was still pyrophoric on
subsequent exposure to air.. The samples were initially divided into eight
samples of about 3g each, and at this time the resistivity of the powders
was measured. .

The electrodes have been tested as 1;c‘m2 samples in a floating
electrode cell described previously(4). It has been shown that the results
obtained by this method are reproducible and are meaningful in the pre-
diction of real system performance(zs).
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1. RESULTS

A. Effect of Manufacturing Techniques on Performance of .
Porous Electrodes

1. Platinum Electrodes

Platinum electrodes have been prepared by spraying,
brushing, spreading, and rolling methods. All preparations to date
have been made with approximately 309 Teflon, considered from
previous work to be optimum, and a Pt loading of about 10 mg/ cmz.
Deviations from the 10 mg/ cm2 loading are due to uncertainties in
the expected loss of material for each fabrication method. All elec-

~trodes.are cut from larger pieces to 1 cm2 for testing.

2. Catalyst Distribution Methods

a. Spraying Techniqué

Electrodes numbered 1, 2a, TR-1, TR-2,

TR-3A, TR-3B, TR-4A, TR-4B, TR-6, TR-7, TR-8 (Figs. 35-42),
'were_ sprayed with an air gun to determine the relation between loading
and spraying techniques. Electrodes 1 and 2a were prepared on 100 crn2
of screen, and 50% excess platinum was used for a projected 10 mg/ cm2
loading after losses. These electrodes were sintered at 260°C and had
10 mg/ cm2 Pt. Electrodes TR-1, TR-2, TR-3 and TR~-4 were prepared '
on 36 cm” of screen, and 20% excess platinum was used for a p’i‘ojected
10 mg/ sz‘. These electrodes had approximately 3-7 mg/ cﬁ'{z of
platinum. Electrodes TR-3A and TR-4A were sintered at 260°C and
showed extremely low performance; subsequently, electr /.cfes TR-3B
and TR -4B, sintered at 310°C, showed improved performance. Electrodes
TR-6, TR-7 and TR-8 were also sprayed on 36 cm2 screens with 20%
excess platinum but with the following changes in technfque: Cab-o0-SiL
was added to the platinum-Teflon mix on a 1:1 volume ratio. Since this

extended the liquid volume and produced a thicker spraying mix, con-
 tinuous ¢ drying was employed. These electrodes had a good uniform
physical appearance and loadings (8 - 10 mg/cm ) wer e closer to the
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pro;ected loading. quever, the Cab -0- SiL may have had an adversc
effect on the wetting charactemstxcs of the electrodes. The electrodes
“were sintered at 285° C, since 260 €-seems to be on the borderline of
the critical minimum sintering temperature. The influence of sintering

temperature is considered in more detail below.

b. Spreading Technique

It has been found that spraying produces the most
uniform ,distribution of catalyst but does not work well with a small
quantity of material. The spreading process (spreading a thick paste

‘with a spatula) lends itself better to small quantities but &sually does not
yield uniform electrodes. Electrode TR-5 (Fig. 44) was made in this
manner on 8 cm2 of screen startmg with no excess material; 13% of the
material was lost.

c. Brushing Technique

Electrode TR-9 (Fig. 45) was made by applying a
paste with a small brush to{12 cm2 of screen mounted on a portable jig
for weighing "in situ.” An excess of 100% was used in order to work
with a paste of the same consistency throughout application. This method
has not been investigated sufficiently to permit a critical analysis at this
time. The performance of th\e\ electrode was exceptionally high, sur-
passing all previous runs to date.

d. Rolling Technique

Electrod%e TR-10 (Fig. 46) wasl made by forming
the platinurn—Téﬂon into a rubbéery dough and rolling,;/ it between Teflon
sheets over the defined area of; screen. This electrpde was not made
specifically for this program arfd consequently did not have a 10 mg/ cm2
loading. It hasy been found that the rolling method produces uniform
electrodes wu;h no loss of mater1a1 but they show/ comparatively low
performance No duplication of \runs has been made The results are
summarized in Fig. 47. The varlatlon in performance was assumed to
be mainly related to sintering temperature T/hlS was examined as des-

cribed below.
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B. Effect of Sintering Temperatures

A number of electrodes cut from a single sheet of electrode
material prepared'by the spray method have been sintered at 250°C,
275°C, 300°C, and 325°C for five-minute and fifteen-minute intervals.
The sintering temperatures inthese experiments have been accurately
defined. In previous work the therrﬁocouple controlling the sihtering
furnace was influenced by radiant heat. Since the electrodes were
effectively shielded from the radiant heat by aluminum foil, the true
sintering tetnperature was some 26° lower than that registered on the
controller/ indicator.

The results are presented in Figs. 48-53. The two electrodes
sintered at 250°C were not hydrophobic and were not tested. On the
basis of these results summarized in Table IV, the sintering technique
has been improved and made more reliable, and the optimum sintering
conditions (for platinum) have been defined as 275°C for 15 minutes.
Results obtained under these conditions compare favorably with the best
previously reported for electrodes prepared in the same way. The
change in real surface area during this sintering process at 275°C has
been measured by a BET technique. The figures before and after sin-
tering were 22.6 mz/ g and 15.6 mz/g respectively; the platinum black
from which the electrodes were prepared had a surface area of 29.0 m / g.
Similar measurements will be made as a matter of routine in the investi-
“gation of the highly dispersed catalysts. |

C. Carbon and Graphite Electrodes

The performance of carbon and graphite powders were initially
of interest as a basis for comparison of metal carbides. They also |
present a good opportunity for studying techniqués of preparing high
surface area electrodes, because of the wide range of samples available
with such different physical properties as bulk density and surface area.
They have consequently been used to examine the influence of PTFE/
catalyst ratio on performance. The bulk densities of the catalysts have
been measured to discover if a better correlation can be made in terms
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TABLE IV

Effect of Sintering Time and Temperature

E = 950 mv E = 900 mv
250°C  -mememesmmeeeeo- not tested -----=--=-=------- -
275°C 5 min i=4 5 ma/ cm?

15 min 28 242 "

300°C 5 min 5 10 "
o 15 min 18 ‘130"
325°C 5 min 20 214 "
15 min» 25 230 "

of a volume rather than a weight ratio. The following samples have
‘been examined: graphite with 22.5%, 25%, 27.5%, 30%, 35%, 40%
PTFE content and acetylene black with 45%, 50%, 55%, 60%, 70%
PTFE content. A summary of performance is given in Table V; the
complete range of performance curves is given in Figs. 54-64. The
optimum PTFE contents were deduced to be 27.5% for graphite and
509, for acetylene black, although the curves showed fairly flat J
maxima so that these figures are not too critical. Two other samiples
of carbon, shown in Figs. 65 and 66, were also examined. :

The bulk densities have been measured after vibratio /;and
after centrifuging. Each method is reproducible to about 5%,' but as can
be éeen from Table VI, the agreement between the two methods is not
good. This is not an unusual occurrence in the determination of bulk
densities, since the particle shape factor has a different effect in the
(29). The data available to correlate
bulk density and PTFE content are shown in Fig. 67. It is apparent

various methods of measurement

that the correlation is a useful guide and that the centrifuging method
gives the more consistent data.
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Graphite

Current at 800 mv
Current at 600 mv

Acetylene Black

“Current at 800 mv
Current at 600 mv

Material

, Acetérlene black
Graphite
Engelhard Pt black
Carbon #7706
Carbon #8946

NiSC

NiSC + C’02_C

TABLE V

.

Performance

- 91. 4

\\\
as a Fur@on of PTFE Content
22.5 25 27.5 30 35
9 7 22.2 5 61
44.5 78 95.5 68 26.6
50- 55 60 70
7 5 4 3
94.% 45 48 42
TABLE VI
Bulk Density Measurements
V\Bulk Density (gm/ cc)
]
Vibration Centrifuge
10125 0.130
ig.e.so 0. 425
" d.540 0. 435
0, 940 0.735
0; 830 ‘ 0. 580
01689 0.927
0.%14 0.780
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1. Materials Prepared by Tyco l.aboratories

#38 Ni3_1\1 Preparation and selection of nitriding temperatures
based on the work of Rienacker & Mohl(30

Starting Material: nickel formate and ferric
formate (1% by weight)

Heated 3 hours in H,, at 225°C to decomposec the
formate and then 20 hours in N, at 300°C

X-ray: Ni + Ni3N + minor phases, Fe, etc.
Surface Area: 9.26 mz/g

Comments

This was an attempt to reproduce a previously
successful preparation (57% Ni3N). In this case, becausc
the X-ray intensities indicated a very low nitride content.
the material was not electrochemically tested.

#39 NizC Preparatzive; method based on a paper by Liecester and
- 31 R

Redman

Starting Material: nickel acetate
decomposed at 300°C in N, for 3 hours

X-ray: NigC + Ni
Surface Area: 19.3 m2/g

Electrochemical Test: Fig. 68

Comments
The performance was ~ 50 mv lower at 200 ma/ cm:Z
than electrode 20a reported pl‘eviously(4). The observed

current maximum at 600 mv is discussed later.
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#40 Cozl_\l_ Preparation based on that reported 'by Juza and Sachs(32)

Starting Material: Co(NOs) 9 to give Co30 4

Reduced in H, at 350°C for 3 hours; then heated in

NH; at 380°C for 3 hours, cooléd in NHg, ground in
mortar, and heated for a further 3 hours in NH; at 380°C

X-ray: The diffraction pattern could not be interpreted
and could not even be identified.

Comments

The electrochemical test showed a behavior charac-
teristic of cobalt metal with a rest potential at about 150 mv
vs. RHE and small cathodic currents < 4 ma/ cm2 on the

completely oxidized surface.

#41 Ni3C + Coz(_l_ Preparative conditions as #39 for NiSC

Attempted preparation of mixed carbide by decomposition
of the acetates; starting material 80% nickel acetate,
20% cobalt acetate, ground together.

Decomposed in N2 at 300°C for 6 hours

X-ray: NiBC + Ni; the presence of C02C as such cannot
be confirmed by X-ray analysis in the presence of N13C
because the diffraction patterns are identical. -7/

Electrochemical Test: Fig. 69

Comments

Initial performance in the region of activation control
is better than N13C, but the polarization increases more rapidly at higher
current densities.
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C

#42 NizC + Co,C

#43 Co

2_.

2~

#44 NiBC + Co,C

#45 NigC

#46 Ni,C

#47 NisC

| #48 NisC - Coz_q

As-#41, with theacetates dissolved in water and
then evaporated prior to decomposition to obtain
more intimate mixing

Electrochemical Test: Fig. 70

Comments

- As with #41, high potentials are also observed
at very low current densities, but performance is

,otherwise poor.

Ty

i

3 . N .
I’Tepeat of Preparation #40, identical X-ray pattern
and electrochemical characteristics.

Repeat of #42
Eﬁlectrochemical Test: Fig. 71

Comments

This electrode was prepared with a lower
PI‘FE content. The performance is the best observed
for thls series and represents an improvement on the
best results reported for N1FC

Prepefred by the decomposition of nickel acetate in

N2 at 275°C for 12 hours

Not y_et tested.

\

\

Prepared by the decomposmon of nickel acetate in
N at 300 C for 12 hours
Not yet tested.

\
Prepared by the decomposition of mckel acetate in
N, at 3!OO C for 6 hoUrs

/

Re )eat of #42 !"/ :

Electrochemlcal T est: Fig. 72
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2. Materials Prepared by the Bureau of Mines'

. The following materials constitute the first samples*
‘of a series prepared by the Bureau of Mines, Pittsburgh Coal Research
- Center, as part of a coordinated project with Tyco.

2-C, € - Fe,C + FeqO,; 4-C, x -Fe,C + Fe30

43
- 6-C, x-FeZC + 6-FegC; 2-N, «' -Fe,N + € - Fe3N;
5-N, € - FeBN ' -Fe4N; 6-N, € - FeSN + ¢ —FeZN €2 —Fe4N)
1-CN, € -FeX (carbon and/or 8-N, v-Fe,N;
nitrogen); _
9N, ¢ -Fe,N; " 1-CP, Fe(OH), + Ag,0 (Fe/Ag =3/1)

II-CP Fe(OH), + Ag,O (Fe/Ag = 1/1); 1II-CP Fe(OH), + Hg,O (Fe/Ag = 1/3).

The resistance of a sample of each material was measured under an
argon atmosphere. Subsequently, a small sample was exposed to air and
the resistance measured again. If the resistance showed a significant
increase or if the material was obviously pyrophoric, then controlled
deactivation techniques were attempted. So far, ‘these have involved covering
' the sample with water and allowing the sample to dry out slowly in air. The |
following results have been obtained for the first six of the samples
~ examined. ‘

Resistance Resistance Resistance
Sample - (Unexposed) (Exposed) (Deactivated in HZ—Q)
2C <0.1% 75 Q 50 2
 1-CN <0.19 <019 <0.18Q
" [-CP 15 x 10% @ 1.5 x 10* 1.5 x 10%
4c <0.1 0 <0.4 % ' 2.59
9N - <0.2¢@ <0.2 9 <0.29

6C . <0.29 S <0.2@ 3.15

* Details of the methods of preparauon can be obtained from the reports -
- of the Bureau of Mines.
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Electrochemical tests have so far been carried out on samples
1-CN, II-CP, and 4C (Figs. 74-76). For these initial samples the
surface areas, after cxposure to air, have been measured and electron

~micrographs taken to establish the basic physical characteristics of
these materials. These techmques will be uqed for future samples when
mterest warrants’ 1t '

-

Bulk Density

Sample Surface Area by Centrifuging
1-CN 10. 6 m%/g 2.7 g/cm®
11-CP 49.1m?/g 2.3 g/cm?
4+C 14.1m%/g 1.77 g/ cm?

The electron micrographs are presented in Figs. 77, 78 and 79.
~ The electron micrograph of the iron carbonitride shows some
very finely divided material — possibly a small quantity of residual
iron and some more electron dense agglomerates, assumed to be the
carbonitride — varying in size from 200 A to more than 2 . The
X —FeZC was characterized by large agglomerates typified by the one
shown in Fig. 79. The agglomerates are apparently formed from fairly ‘
uniformly sized particles of about 250 A in diameter. As expected the
| Fe(OH)3 + AgZO shows some extremely finely divided material; formmg
agglomerates up to 500 A in diameter. Some of these agglcmerates are

loosely grouped to give a lace-like structure.

€ Iron Carbomtnde This mater1a1 showe{i very little
act1v1ty for the oxygen reduction process.

Fe(OI-I)3 + Ag20 Since this material had been prepared
at low temperatures, it was tested as a floatmg electrode, using Elvax
as a plastic hydrophobic binder rather than PTFE which would require

; Asinterinig at 275°C. The activity level was very low; Jthere was no,

evidence of the activity normally observed with Ag.
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Fezg_ j«l‘ e;0, A large anodic current, indicative of a

_surface oxidation process, wae@b{erved initially with this material;
subsequent activity for oxygen reduction was low.

%C and NiSC + Cozg The_ results obtained with these
materials have been fraught with irreproducibility and an irregular shape
to the polarization curves; see, for .example, Fig. 68. In order to try to
understand the processes involved, an electrode was introduced to the
electrolyte at a fixed potential of 800 mv and the current monitored as a
function of time. The-result is shown in Fig. 80. It is evident that most
of the results have been obtained on the plateau where the current is
reasonably constant. The unusual curves probably represent experunents
that have run into the decay portion of the curve. Subsequent activities
of these electrodes have always been at a low level, as evidenced by
Fig. 73. This decay process must cast doubt on the figures presented
in the results section, but it is encouraging to note that the pattern of the
decay process (a plateau eﬁftending for > 2 hours) substantiates the fact
that the high initial activity shown by these electrodes is a real effect; i. e.
the high cathodic currents cannot be associated with the reduction of a 4
surface oxide formed in some way during the preparation of the catalyst.
The experimental evaluation of these catalysts will be closely defined as a
function of time of 1mmers1on, in the electrolyte in all future work.

E. %Au Powder , '\'\&

T13Au powder was prepared by grinding glass' brlttle ingots,
in an agate mosrtar and pestle and sieving for -325 niesh particles. A
porous electrode was fabrlcated from about 50 mg o
20% Teflon on a nickel screen.i An attempt was maée to operate this
electrode on oxygen in the ﬂoating electrode apparatus. It was found,
however, that the electrode begén evolving gas immediately upon immer-
~sion in solutjon. The powder, 1plt1a11y gray- gold turned bluish-black
and expanded significantly in volxume The currents observed were only

this powder and

nominally larger than those of the platinum W1re clamps of the’ electrode
holder itself.
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In order to investigate these phenomena further, some of the
'qp'giﬁal Ti3A1§ powder was boiled in 2N KOH for 7 hours at which time
gas evolution ceascd. A BET analysis of the resultant powder yielded
133 mz/ gm of surfacc area. The electrical resistance of the com-
pressed powder was of the order of 200 K 2. An clectrode made from
the material showed no gain in performance over the original electrode.

Chemical analysis of the powder for Au and Ti showed Ti 22.75%

and Au 56.3% by wt. This indicates a loss of 44.5 wt 9% Ti, if it is
~ assumed that therc was no loss of gold. The balance of the analysis,
taken to be oxygen. gives a formula Au Tiy 65O 4,537 an oxygen content
in excess of the T iO2 stoichiometry. This doc;s not at all approach the
formula for nonstoichiometric titanium oxide, AuL 0 (TiOl. 75)3 which
is expected to show good electronic conductivity.

It is intended to make a deliberate attempt to prepare nonstoichio-
metric oxides of 'Ti3Au and pure Ti to understand this behavior better and
also to look at the other intermetallic compounds of Ti and Au. (TiAu
has been described clsewhere in this report.)

F. Summary of Results

Activity presented in terms of current observed at 800 mv and at
600 mv vs. RHE (iR corrected). ‘

| Tyco-Prepared Materials

800 mv 600 mv

#44 Ni,C + Co,C 80 > 400 ma/ cmz
#47 NiBC 15 236 ma/ c:m2
#39 NiSC . 6 180 ma/ cm2
#48 Ni3C + Cozc 20 132 ma/ cm2
#41 N13C + C02C 8 30 - ma/ cm2
#42 NigC + Co,C 2 6 ma/ cm2
Graphite 22.2 95.5 ma/cm

Acetylene Black 7 94.5 ma/ cm2
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Bureau-of-Mines ;Prepared Materials

800 mv' 600 mv

#1-CN* e-Iron carbonitride 1
#11-CP Fe(OH)3 + Ag20 0-2 1
-‘#4C Fezc + Fe30 4 . anodic current

- 34.-
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